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(57) ABSTRACT

A method of fabricating a component 1s provided. The
method mncludes forming one or more grooves 1n a surface of
a substrate, where the substrate has at least one hollow interior
space. Each of the one or more grooves extends at least
partially along the substrate surface and has a base and a top.
The base 1s wider than the top, such that each of the one or
more grooves comprises a re-entrant shaped groove. The
method further imncludes forming one or more access holes
through the base of a respective groove, to connect the groove
in fluid commumnication with respective ones of the hollow
interior space(s), and disposing a coating over at least a por-
tion of the substrate surface. The one or more grooves and
coating define one or more re-entrant shaped channels for
cooling the component. A component with one or more re-
entrant shaped channels and a method of coating a component
are also provided.

16 Claims, 5 Drawing Sheets
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COMPONENTS WITH RE-ENTRANT
SHAPED COOLING CHANNELS AND
METHODS OF MANUFACTURE

BACKGROUND

The invention relates generally to gas turbine engines, and,
more specifically, to micro-channel cooling therein.

In a gas turbine engine, air 1s pressurized 1 a compressor
and mixed with fuel 1n a combustor for generating hot com-
bustion gases. Energy 1s extracted from the gases 1n a high
pressure turbine (HPT), which powers the compressor, and in
a low pressure turbine (LPT), which powers a fan 1n a turbo-
fan aircrait engine application, or powers an external shait for
marine and industrial applications.

Engine efficiency increases with temperature of combus-
tion gases. However, the combustion gases heat the various
components along their flowpath, which 1n turn requires cool-
ing thereof to achieve a long engine lifetime. Typically, the
hot gas path components are cooled by bleeding air from the
compressor. This cooling process reduces engine etficiency,
as the bled air 1s not used 1n the combustion process.

Gas turbine engine cooling art 1s mature and includes
numerous patents for various aspects of cooling circuits and
teatures 1n the various hot gas path components. For example,
the combustor includes radially outer and 1nner liners, which
require cooling during operation. Turbine nozzles include
hollow vanes supported between outer and inner bands,
which also require cooling. Turbine rotor blades are hollow
and typically include cooling circuits therein, with the blades
being surrounded by turbine shrouds, which also require
cooling. The hot combustion gases are discharged through an
exhaust which may also be lined, and suitably cooled.

In all of these exemplary gas turbine engine components,
thin metal walls of high strength superalloy metals are typi-
cally used for enhanced durability while minimizing the need
for cooling thereol. Various cooling circuits and features are
tailored for these individual components 1n their correspond-
ing environments in the engine. For example, a series of
internal cooling passages, or serpentines, may be formed in a
hot gas path component. A cooling fluid may be provided to
the serpentines from a plenum, and the cooling fluid may flow
through the passages, cooling the hot gas path component
substrate and coatings. However, this cooling strategy typi-
cally results 1n comparatively low heat transfer rates and
non-uniform component temperature profiles.

Micro-channel cooling has the potential to significantly
reduce cooling requirements by placing the cooling as close
as possible to the heat zone, thus reducing the temperature
difference between the hot side and cold side for a given heat
transier rate. However, current techniques for forming micro-
channels typically require the use of a sacrificial filler to keep
the coating from being deposited within the microchannels, to
support the coating during deposition, as well as the removal
of the sacrificial filler after deposition of the coating system.
However, both the filling of the channels with a fugitive
matenal, and the later removal of that material present poten-
tial problems for current micro-channel processing tech-
niques. For example, the filler must be compatible with the
substrate and coatings, yet have minimal shrinkage, but also
have sufficient strength. Removal of the sacrificial filler
involves potentially damaging processes of leaching, etching,
or vaporization, and typically requires long times. Residual
filler material 1s also a concern.

It would therefore be desirable to provide a method for
forming cooling channels 1n hot gas path components that
climinates the need for the filling and removal processes.
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2
BRIEF DESCRIPTION OF THE INVENTION

One aspect of the present invention resides 1n a method of
fabricating a component. The method 1includes forming one
Or more grooves 1n a surtace of a substrate, where the sub-
strate has at least one hollow interior space. Each of the one or
more grooves extends at least partially along the surface of the
substrate and has a base and a top. The base 1s wider than the
top, such that each of the one or more grooves comprises a
re-entrant shaped groove. The method further includes form-
ing one or more access holes through the base of a respective
one of the one or more grooves, to connect the groove 1n fluid
communication with respective ones of the hollow interior
space(s). The method further includes disposing a coating
over at least a portion of the surface of the substrate, where the
one or more grooves and the coating define one or more
re-entrant shaped channels for cooling the component.

Another aspect of the invention resides 1n a component that
includes a substrate comprising an outer surface and an inner
surface. The inner surface defines at least one hollow, interior
space, and the outer surface defines one or more grooves.
Each of the one or more grooves extends at least partially
along the surface of the substrate and has a base and atop. The
base 1s wider than the top, such that each of the one or more
grooves comprises a re-entrant shaped groove. One (or more)
access holes 1s (are) formed through the base of a respective
groove, to connect the groove 1n fluid communication with
respective ones of the at least one hollow interior space. The
component further includes at least one coating disposed over
at least a portion of the surface of the substrate. The one or
more grooves and the coating define one or more re-entrant
shaped channels for cooling the component.

Yet another aspect of the mnvention resides 1 a method of
coating a component without the use of a sacrificial filler. The
method mncludes forming one or more grooves 1n a surface of
a substrate, where the substrate has at least one hollow interior
space. Each of the one or more grooves extends at least
partially along the surface of the substrate and has a base and
a top, where the top 1s about 0.1 mm to 0.5 mm 1n width. The
method further includes disposing a coating over at least a
portion of the surface of the substrate directly over open ones
of the one or more grooves, where the one or more grooves

and the coating define one or more channels for cooling the
component.

DRAWINGS

These and other features, aspects, and advantages of the
present ivention will become better understood when the
tollowing detailed description 1s read with reference to the
accompanying drawings in which like characters represent
like parts throughout the drawings, wherein:

FIG. 1 1s a schematic 1llustration of a gas turbine system;

FIG. 2 1s a schematic cross-section of an example airfoil
configuration with re-entrant cooling channels, 1n accordance
with aspects of the present invention;

FIG. 3 1llustrates a first pass of an abrasive liquid jet at an
angle ¢ for forming a re-entrant groove;

FIG. 4 illustrates a second pass of the abrasive liquid jet at
an opposite angle 180-¢ for forming the re-entrant groove;

FIG. 35 illustrates an optional third pass of the abrasive
liquid jet normal to the groove, for forming the re-entrant
groove;

FIG. 6 1s a schematic cross-section of a portion of a cooling,
circuit with re-entrant cooling channels;
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FIG. 7 schematically depicts, in cross-section, a re-entrant
shaped groove with a coating extending over the top of the

groove to form a re-entrant shaped channel;

FIG. 8 schematically depicts, 1n perspective view, three
example micro-channels that extend partially along the sur-
face of the substrate and channel coolant to respective film
cooling holes;

FIG. 9 1s a cross-sectional view of one of the example
microchannels of FIG. 8 and shows the micro-channel con-
veying coolant from an access hole to a film cooling hole;

FIG. 10 illustrates the application of an angled coating
technique with the re-entrant microchannels of the present
invention; and

FIG. 11 illustrates a coating with porous gaps for stress
relief.

DETAILED DESCRIPTION OF THE INVENTION

The terms “first,” “second,” and the like, herein do not
denote any order, quantity, or importance, but rather are used
to distinguish one element from another. The terms “a” and
“an” herein do not denote a limitation of quantity, but rather
denote the presence of at least one of the referenced 1tems.
The modifier “about” used 1n connection with a quantity 1s
inclusive of the stated value, and has the meaning dictated by
context, (e.g., includes the degree of error associated with
measurement of the particular quantity). In addition, the term
“combination” 1s iclusive of blends, mixtures, alloys, reac-
tion products, and the like.

Moreover, 1n this specification, the suflix “(s)” 1s usually
intended to include both the singular and the plural of the term
that 1t modifies, thereby mncluding one or more of that term
(e.g., “the passage hole” may include one or more passage
holes, unless otherwise specified). Reference throughout the
specification to “one embodiment,” “another embodiment,”
“an embodiment,” and so forth, means that a particular ele-
ment (e.g., feature, structure, and/or characteristic) described
in connection with the embodiment 1s included 1n at least one
embodiment described herein, and may or may not be present
in other embodiments. In addition, 1t 1s to be understood that
the described inventive features may be combined 1n any
suitable manner in the various embodiments.

FIG. 1 1s a schematic diagram of a gas turbine system 10.
The system 10 may include one or more compressors 12,
combustors 14, turbines 16, and fuel nozzles 20. The com-
pressor 12 and turbine 16 may be coupled by one or more
shaft 18. The shaft 18 may be a single shait or multiple shaift
segments coupled together to form shaift 18.

The gas turbine system 10 may include a number of hot gas
path components 100. A hot gas path component 1s any com-
ponent of the system 10 that 1s at least partially exposed to a
high temperature flow of gas through the system 10. For
example, bucket assemblies (also known as blades or blade
assemblies), nozzle assemblies (also known as vanes or vane
assemblies), shroud assemblies, transition pieces, retaining
rings, and compressor exhaust components are all hot gas
path components. However, 1t should be understood that the
hot gas path component 100 of the present invention 1s not
limited to the above examples, but may be any component that
1s at least partially exposed to a igh temperature tlow of gas.
Further, 1t should be understood that the hot gas path compo-
nent 100 of the present disclosure 1s not limited to compo-
nents 1n gas turbine systems 10, but may be any piece of
machinery or component thereof that may be exposed to high
temperature flows.

When a hot gas path component 100 1s exposed to a hot gas
flow 80, the hot gas path component 100 1s heated by the hot
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gas flow 80 and may reach a temperature at which the hot gas
path component 100 fails. Thus, in order to allow system 10 to
operate with hot gas flow 80 at a high temperature, increasing
the efficiency and performance of the system 10, a cooling
system for the hot gas path component 100 1s required.

In general, the cooling system of the present disclosure
includes a series of small channels, or microchannels, formed
in the surface of the hot gas path component 100. The hot gas
path component may be provided with a coating. A cooling
fluid may be provided to the channels from a plenum, and the
cooling fluid may flow through the channels, cooling the
coating.

A method of fabricating a component 100 1s described with
reference to FIGS. 2-11. As idicated, for example, 1n FIGS.
3-6, the method includes forming one or more grooves 132 1n
a surface 112 of a substrate 110. For the illustrated examples,
multiple grooves 132 are formed 1n the substrate 110. As
indicated, for example, 1n FIG. 2, the substrate 110 has at least
one hollow interior space 114. As indicated, for example, 1n
FIGS. 8 and 9, each of the grooves 132 extends at least
partially along the surface 112 of the substrate 110. As shown,
for example, in FIG. 6, each of the grooves 132 has a base 134
and a top 136, where the base 134 1s wider than the top 136,
such that each of the grooves 132 comprises a re-entrant
shaped groove 132. For the examples shown in FIGS. 8 and 9,
the grooves convey fluid to exiting film holes 142. However,
other configurations do not entail a film hole, with the micro-
channels simply extending along the substrate surface 112
and exiting off an edge of the component, such as the trailing
edge or the bucket tip, or an endwall edge. In addition, 1t
should be noted that although the film holes are shown in FIG.
8 as being round, this 1s simply a non-limiting example. The
f1lm holes may also be non-circular shaped holes.

As imdicated, for example, 1 FIG. 6, the method further
includes forming one or more access holes 140 through the
base 134 of a respective one of the grooves 132, to provide
fluid communication between the grooves 132 and the one
hollow interior space(s) 114. The access holes 140 are typi-
cally circular or oval in cross-section and may be formed, for
example using on or more of laser machining (laser drilling),
abrasive liquid jet, electric discharge machining (EDM) and
clectron beam drilling. The access holes 140 may be normal
to the base 134 of the respective grooves 132 (as shown in
FIG. 6) or, more generally, may be drilled at angles 1n a range
of 20-90 degrees relative to the base 134 of the groove. As
indicated, for example, 1n FIG. 6, the method further includes
disposing a coating 150 over at least a portion of the surface
112 of the substrate 110. More particularly, the coating 150 1s
deposited over at least a portion of the surface 112 of the
substrate 110 directly over open ones of the grooves 132. As
used here, “open” means that the grooves 132 are empty, 1.¢.
they are not filled with a sacrificial filler. As shown 1n FIG. 6,
for example, the grooves 132 and the coating 150 define a
number of re-entrant shaped channels 130 for cooling the
component 100. As indicated in FIGS. 8 and 9, for example,
the substrate 110 and coating 150 may further define a plu-
rality of exit film holes 142. For the example configuration
shown 1n FIG. 9, the micro-channel 130 conveys coolant from
an access hole 140 to a film cooling hole 142. Example
coatings 150 are provided in U.S. Pat. No. 5,640,767 and U.S.
Pat. No. 5,626,462, which are incorporated by reference
herein 1n their entirety. As discussed 1 U.S. Pat. No. 3,626,
426, the coatings 150 are bonded to portions of the surface
112 of the substrate 110.

The substrate 110 1s typically cast prior to forming the
grooves 132 1n the surface 112 of the substrate 110. As dis-
cussed 1n commonly assigned U.S. Pat. No. 5,626,462, which
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1s mncorporated by reference herein 1n 1ts entirety, substrate
110 may be formed from any suitable material, described
herein as a first material. Depending on the intended applica-
tion for component 100, this could include Ni-base, Co-base
and Fe-base superalloys. The Ni-base superalloys may be
those containing both v and ' phases, particularly those Ni-
base superalloys containing both v and v' phases wherein the
v' phase occupies at least 40% by volume of the superalloy.
Such alloys are known to be advantageous because of a com-
bination of desirable properties including high temperature
strength and high temperature creep resistance. First material
may also comprise a N1Al intermetallic alloy, as these alloys
are also known to possess a combination of superior proper-
ties including high temperature strength and high temperature
creep resistance that are advantageous for use in turbine
engine applications used for aircrait. In the case of Nb-base
alloys, coated Nb-base alloys having superior oxidation resis-
tance will be preferred, such as Nb/ 11 alloys, and particularly
those alloys comprising Nb-(27-40)T1-(4.5-10.5)Al-(4.5-
7.9Cr-(1.5-5.5) HI-(0-6)V 1n an atom percent. First material
may also comprise a Nb-base alloy that contains at least one
secondary phase, such as an Nb-containing intermetallic
compound, a Nb-containing carbide or a Nb-containing
boride. Such alloys are analogous to a composite material in
that they contain a ductile phase (1.e. the Nb-base alloy) and a
strengthening phase (1.e. a Nb-containing intermetallic com-
pound, a Nb containing carbide or a Nb-containing boride).

For the example arrangement 1llustrated 1n FIGS. 2, 8 and
9, coating 150 extends longitudinally along airfoil-shaped
outer surface 112 of substrate 110. Coating 150 conforms to
airfoil-shaped outer surface 112 and covers grooves 132
forming channels 130. It should be noted that as depicted,
coating 150 1s just the first coating or structural coating that
covers the channels. For certain applications, a single coating
may be all that 1s used. However, for other applications, a
bondcoat and a thermal barrier coating (TBC) are also used.
For the example arrangements illustrated in FIGS. 8 and 9, the
channels 130 channel the cooling tlow from the respective
access hole 140 to the exiting film hole 142. Typically, the
channel length 1s in the range o1 10 to 1000 times the film hole
diameter, and more particularly, in the range of 20 to 100
times the film hole diameter. Beneficially, the channels 130
can be used anywhere on the surfaces of the components
(airfo1l body, lead edges, trail edges, blade tips, endwalls,
platforms). In addition, although the channels are shown as
having straight walls, the channels 130 can have any configu-
ration, for example, they may be straight, curved, or have
multiple curves, etc. Coating 150 comprises a second mate-
rial, which may be any suitable material and 1s bonded to the
airfoil-shaped outer surface 120 of substrate 110. For particu-
lar configurations, the coating 150 has a thickness in the range
of 0.1-2.0 millimeters, and more particularly, 1n the range of
0.1 to 1 millimeters, and still more particularly 0.1 to 0.5
millimeters for industrial components. For aviation compo-
nents, this range 1s typically 0.1 to 0.25 millimeters. However,
other thicknesses may be utilized depending on the require-
ments for a particular component 100.

The coating 150 may be deposited using a variety of tech-
niques. For particular processes, the coating 150 1s disposed
over at least a portion of the surface 112 of the substrate 110
by performing an 1on plasma deposition. Example cathodic
arc 10n plasma deposition apparatus and method are provided
in commonly assigned, U.S. Published Patent Application
No. 20080138529, Weaver et al, “Method and apparatus for
cathodic arc 10n plasma deposition,” which 1s incorporated by
reference herein in its entirety. Briefly, 10n plasma deposition
comprises placing a cathode formed of a coating material into

10

15

20

25

30

35

40

45

50

55

60

65

6

a vacuum environment within a vacuum chamber, providing
a substrate 110 within the vacuum environment, supplying a
current to the cathode to form a cathodic arc upon a cathode
surface resulting 1n erosion or evaporation of coating material
from the cathode surface, and depositing the coating material
from the cathode upon the substrate surface 112.

In one non-limiting example, the 10n plasma deposition
process comprises a plasma vapor deposition process. Non-
limiting examples of the coating 150 include metal coatings,
bond coatings and thermal barrier coatings, as discussed in
greater detail below with reference to U.S. Pat. No. 5,626,
462. For certain hot gas path components 100, the coating 150
comprises a superalloy. For example, where the first material
of substrate 110 1s a N1-base superalloy containing both v and
v' phases, coating 150 may comprise these same materials, as
discussed 1n greater detail below with reference to U.S. Pat.
No. 5,626,462.

For other process configurations, the coating 150 1s dis-
posed over at least a portion of the surface 112 of the substrate
110 by performing a thermal spray process. For example, the
thermal spray process may comprise high velocity oxygen
tuel spraying (HVOF) or high velocity air fuel spraying
(HVAF). In one non-limiting example, a NiCrAlY coating 1s
deposited by HVOF or HVAF. For other example process
configurations, a low pressure plasma spray (LPPS) process
may be employed.

More generally, and as discussed 1n U.S. Pat. No. 5,626,
462, the second matenal used to form coating 150 comprises
any suitable material. For the case of a cooled turbine com-
ponent 100, the second material must be capable of with-
standing temperatures of about 1150° C., while the TBC can
g0 to about 1320° C. The coating 150 must be compatible
with and adapted to be bonded to the airfoil-shaped outer
surface 112 of substrate 110. This bond may be formed when
the coating 150 1s deposited onto substrate 110. This bonding
may be intluenced during the deposition by many parameters,
including the method of deposition, the temperature of the
substrate 110 during the deposition, whether the deposition
surface 1s biased relative to the deposition source, and other
parameters. Bonding may also be affected by subsequent heat
treatment or other processing. In addition, the surface mor-
phology, chemistry and cleanliness of substrate 110 prior to
the deposition can influence the degree to which metallurgical
bonding occurs. In addition to forming a strong metallurgical
bond between coating 150 and substrate 110, it 1s desirable
that this bond remain stable over time and at high tempera-
tures with respect to phase changes and interdiffusion, as
described herein. By compatible, it 1s preferred that the bond
between these elements be thermodynamically stable such
that the strength and ductility of the bond do not deteriorate
significantly over time (e.g. up to 3 years) by interdiffusion or
other processes, even for exposures at high temperatures on
the order o1 1,150° C., for Ni-base alloy airfo1l support walls
40 and Ni-base airfoil skins 42, or higher temperatures on the
order of 1,300° C. in the case where higher temperature
maternals are utilized, such as Nb-base alloys.

As discussed 1n U.S. Pat. No. 5,626,462, where the first
maternal of substrate 110 1s an Ni-base superalloy containing
both v and v' phases or a N1Al intermetallic alloy, second
materials for coating 150 may comprise these same materials.
Such a combination of coating 150 and substrate 110 mate-
rials 1s preferred for applications such as where the maximum
temperatures of the operating environment similar to those of
existing engines (e.g. below 1650° C.). In the case where the
first material of substrate 110 1s an Nb-base alloys, second
materials for coating 150 may also comprise an Nb-base
alloy, including the same Nb-base alloy.
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As discussed 1n U.S. Pat. No. 5,626,462, for other applica-
tions, such as applications that impose temperature, environ-
mental or other constraints that make the use of a metal alloy
coating 150 undesirable, 1t 1s preferred that coating 150 com-
prise materials that have properties that are superior to those
of metal alloys alone, such as composites 1n the general form
of intermetallic compound (I.)/metal alloy (M) phase com-
posites and intermetallic compound (1.)/1ntermetallic com-
pound (I, ) phase composites. Metal alloy M may be the same
alloy as used for airfoil support wall 40, or a diflerent mate-
rial, depending on the requirements of the airfoil. These com-
posites are generally speaking similar, 1n that they combine a
relatively more ductile phase M or 1, , with a relatively less
ductile phase I, in order to create a coating 150 that gains the
advantage of both materials. Further, in order to have a suc-
cessiul composite, the two materials must be compatible. As
used herein 1n regard to composites, the term compatible
means that the materials must be capable of forming the
desired 1n1tial distribution of their phases, and of maintaining
that distribution for extended periods of time as described
above at use temperatures of 1,150° C. or more, without
undergoing metallurgical reactions that substantially impair
the strength, ductility, toughness, and other important prop-
erties of the composite. Such compatibility can also be
expressed 1n terms of phase stability. That 1s, the separate
phases of the composite must have a stability during opera-
tion at temperature over extended periods of time so that these
phases remain separate and distinct, retaining their separate
identities and properties and do not become a single phase or
a plurality of different phases due to interdiffusion. Compat-
ibility can also be expressed in terms of morphological sta-
bility of the interphase boundary interface between the 1./M
or I/I, ,composite layers. Such instability may be manifested
by convolutions, which disrupt the continuity of either layer.
It 1s also noted that within a given coating 150, a plurality of
I/M or 1/1,, composites may also be used, and such com-
posites are not limited to two material or two phase combi-
nations. The use of such combinations are merely 1llustrative,
and not exhaustive or limiting of the potential combinations.
Thus M/1, /1., M/1, /1., (where I, and I, are ditferent mate-
rials) and many other combinations are possible.

As discussed 1n U.S. Pat. No. 5,626,462, where substrate
110 comprises a Ni-base superalloy comprising a mixture of
both v and v' phases, 1. may comprise Ni; [T1, Ta, Nb, V],
Ni1Al, Cr,S1, [Cr, Mo],-S1, [Ta, T1, Nb, Hf, Zr, V]C, Cr,C, and
Cr,C; mtermetallic compounds and imntermediate phases and
M may comprise a Ni-base superalloy comprising a mixture
of both v and v' phases. In Ni-base superalloys comprising a
mixture ol both vy and v' phases, the elements Co, Cr, Al, C and
B are nearly always present as alloying constituents, as well
as varying combinations of 11, Ta, Nb, V, W, Mo, Re, Hf and
Zr. Thus, the constituents of the exemplary 1. materials
described correspond to one or more materials typically
found in Ni-base superalloys as may be used as first material
(to form the substrate 110), and thus may be adapted to
achieve the phase and interdiffusional stability described
herein. As an additional example in the case where the first
maternial (the substrate 110) comprises Ni1Al intermetallic
alloy, I. may comprise N1, [T1, Ta, Nb, V], Ni1Al, Cr;S1, [Cr,
Mo], S1, [Ta, T1, Nb, Hi, Zr, V]C, Cr,C, and Cr-C; interme-
tallic compounds and intermediate phases and I,, may com-
prise a N1, Al intermetallic alloy. Again, 1n N1Al intermetallic
alloys, one or more of the elements Co, Cr, C and B are nearly
always present as alloying constituents, as well as varying
combinations of T1, Ta, Nb, V, W, Mo, Re, Hf and Zr. Thus, the
constituents of the exemplary 1. materials described corre-
spond to one or more materials typically found in Ni1Al alloys
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as may be used as first material, and thus may be adapted to
achieve the phase and interdiffusional stability described
herein.

As discussed 1n U.S. Pat. No. 5,626,462, where substrate
110 comprises a Nb-base alloy, including a Nb-base alloy
containing at least one secondary phase, 1. may comprise a
Nb-containing intermetallic compound, a Nb-containing car-
bide or a Nb-containing boride, and M may comprise a Nb-
base alloy. It 1s preferred that such I /M composite comprises
an M phase of an Nb-base alloy contaiming T1 such that the
atomic ratio ol the'T1to Nb ('11/Nb) of the alloy 1s in the range
of 0.2-1, and an I. phase comprising a group consisting of
Nb-base silicides, Cr, [Nb, T1, Hf], and Nb-base aluminides,
and wherein Nb, among Nb, T1 and Hf, 1s the primary con-
stituent of Cr, [Nb, T1, Hi] on an atomic basis. These com-
pounds all have Nb as a common constituent, and thus may be
adapted to achieve the phase and interdiffusional stability
described 1n U.S. Pat. No. 5,626,462.

The as-applied coating has suflicient particle size, strength,
and adhesion (bonding) to bridge the opening gaps 136 of the
re-entrant grooves 132 with minimal amounts of coating
material being deposited mside the groove. However, typi-
cally, some coating material will also fill-in the opening
slightly below the outer surface, as indicated n FIG. 7, for
example. This bridging effect has been documented previ-
ously with plasma vapor deposition (PVD) TBC coatings
deposited over small sized open grooves. Beneficially, use of
the present re-entrant micro-channel technique, with thermal
spray coatings results in much larger particle agglomerations
with the ability to bridge larger gap 136 sizes.

In addition to coating system 150, the interior surface of the
groove 132 (or of the micro-channel 130, 11 the first (1inner)
layer of coating 150 is not particularly oxidation-resistant)
can be further modified to 1improve 1ts oxidation and/or hot
corrosion resistance. Suitable techniques for applying an oxi-
dation-resistant coating (not expressly shown) to the interior
surface of the grooves 132 (or of the micro-channels 130)
include vapor-phase or slurry chromiding, vapor-phase or
slurry aluminizing, or overlay deposition via evaporation,
sputtering, 1on plasma deposition, thermal spray, and/or cold

spray. Example oxidation-resistant overlay coatings include
materials in the MCrAlY family (M={Ni, Co, Fe}) as well as

materials selected from the NiAIX family (X={Cr, Hf, Zr, Y,
La, Si, Pt, Pd}).

Referring now to FIGS. 3-5, the re-entrant shaped grooves
132 may be formed using a variety of techniques. For
example, the re-entrant shaped grooves 132 may be formed
using one or more of an abrasive liquid jet, plunge electro-
chemical machining (ECM), electric discharge machining
(EDM) with a spinning single point electrode (“milling”
EDM) and laser machining (laser drilling). Example laser
machining techniques are described 1n commonly assigned,
U.S. patent application Ser. No. 12/697,005, “Process and
system for forming shaped air holes™ filed Jan. 29, 2010,
which 1s incorporated by reference herein in its entirety.
Example EDM techniques are described in commonly
assigned U.S. patent application Ser. No. 12/790,675,
“Articles which include chevron film cooling holes, and
related processes,” filed May 28, 2010, which 1s incorporated
by reference herein 1n 1ts entirety.

For particular process configurations, the re-entrant shaped
grooves 132 are formed by directing an abrasive liquid jet 160
at the surface 112 of the substrate 110, as schematically
depicted 1n FIGS. 3-5. Other tool path configurations for the
jet 160 may also be used. For example, the jet 160 may be
swept along a radius (FIG. 5) and moved along the channel
length direction following a zig-zag tool path In this manner,
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a relatively narrow groove opening 136 (top of the groove)
may be formed. In order to sweep the jet 160, a multi-axis
numerically controlled (NC) tool path function may be
employed to control the pivot point for the jet 160, to ensure
a narrow opening of 136. The depth of the channel 1s deter-
mined by the sweeping speed, as well as the jet travel speed
along the channel when the jet pressure is set. Example water
jet drnilling processes and systems are provided in U.S. patent
application Ser. No. 12/790,675. As explained 1n U.S. patent
application Ser. No. 12/790,6735, the water jet process typi-
cally utilizes a high-velocity stream of abrasive particles (e.g.,
abrasive “grit”’), suspended 1n a stream of high pressure water.
The pressure of the water may vary considerably, but 1s often
in the range of about 5,000-90,000 psi1. A number of abrasive
materials can be used, such as garnet, aluminum oxide, sili-
con carbide, and glass beads. Beneficially, the water jet pro-
cess does not mvolve heating of the substrate 110 to any
significant degree. Therefore, there 1s no “heat-atfected zone”
formed on the substrate surface 112, which could otherwise
adversely affect the desired exit geometry for the re-entrant
shaped grooves 132.

In addition, and as explained 1n U.S. patent application Ser.
No. 12/790,675, the water jet system can include a multi-axis
computer numerically controlled (CNC) unit. The CNC sys-
tems themselves are known 1n the art, and described, for
example, 1n U.S. Patent Publication 2005/0013926 (S. Rut-
kowski et al), which 1s incorporated herein by reference. CNC
systems allow movement of the cutting tool along a number of
X, Y, and Z axes, as well as rotational axes.

As indicated for example 1n FIGS. 3 and 4, for particular
process configurations, the re-entrant shaped grooves 132 are
formed by directing the abrasive liquid jet 160 at a lateral
angle relative to the surface 112 of the substrate 110 1n a first
pass ol the abrasive liquid jet 160 and then making a subse-
quent pass at an angle substantially opposite to that of the
lateral angle. FIG. 3 1llustrates an example cut made with an
abrasive water jet at an example lateral angle ¢ relative to the
surface normal of surface 112 of the substrate 110. For par-
ticular configurations, a wall 138 (see FI1G. 7, for example) of
a respective one of the re-entrant shaped grooves 132 1s ori-
ented at an angle ¢ 1n a range of about 10-89 degrees relative
to a surface normal 52, and more particularly at an angle ¢ in
a range ol about 20-70 degrees relating to the surface normal
52, and still more particularly, at an angle ¢ 1n a range of about
20-45 degrees relative to the surface normal 52. Although the
wall 138 1s shown as being a straight wall 1n FIG. 7, the wall
138 may also be curved. In the case of a curved wall 138, the
angle ¢ should be understood to be the average angle for the
curved wall. Stmilarly, FIG. 4 1llustrates an example cut made
with an abrasive water jet at an angle substantially opposite to
that (namely, 90°-¢+/-10°, where the lateral angle ¢ 1s
defined relative to the surface normal 52, as shown in FIG. 3,
and where the opposite angle 1s defined relative to the surface
112, as indicated 1n F1G. 4) of the lateral angle shown 1n FIG.
3. In addition, and as shown 1n FIG. 5, the step of forming the
re-entrant shaped grooves 132 may further comprise per-
forming an additional pass where the abrasive liquid jet 160 1s
directed toward the base 134 of the groove 132 at one or more
angles between the lateral angle and a substantially opposite
angle, such that material 1s removed from the base 134 of the
groove 132.

To facilitate the deposition of coating 150 over the groove
132 without having the coating {ill the groove 132, 1t 1s desir-
able to have the base 134 of the groove 132 be considerable
larger than the top 136 of the groove. This also permits the
formation of a sufliciently large micro-channel 130 to meet
the cooling requirements for the component 100. For particu-
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lar configurations, the base 134 of a respective one of the
re-entrant shaped grooves 132 1s at least 2 times wider than
the top 136 of the respective groove 132. For example, if the
base 134 of the groove 132 1s 0.75 millimeters, the top 136
would be less than 0.375 millimeters 1n width, for this con-
figuration. For more particular configurations, the base 134 of
the respective re-entrant shaped groove 132 1s at least 3 times
wider than the top 136 of the respective groove 132, and still
more particularly, the base 134 of the respective re-entrant
shaped groove 132 1s 1n a range ol about 3-4 times wider than
the top 136 of the respective groove 132. Beneficially, a large
base to top ratio increases the overall cooling volume for the
micro-channel 130, while facilitating the deposition of the
coating 150 over the groove 132 without having the coating

150 fill the groove 132.

Beneficially, by forming re-entrant grooves 132, it 1s not
necessary to use a sacrificial filler (not shown) to apply coat-
ing 150 to the substrates 110. This eliminates the need for a
filling process and for the more difficult removal process. By
forming reentrant shaped grooves with narrow openings 136
(tops), Tor example with openings 136 1n the range of about
10-12 mils wide, the openings 136 can be bridged by the
coating 150 without the use of a sacrificial filler, thereby
climinating two of the main processing steps (filling and
leaching) for conventional channel forming techmques. For
the example configuration illustrated in FIG. 7, the coating
150 completely bridges the respective grooves 132, such that
the coating 150 seals the respective microchannels 130. FIG.
11 illustrates another arrangement, where the coating 150
defines one or more porous gaps 144 (for example, porosity in
the coating 150 or a gap in the coating), such that the coating
150 does not completely bridge each of the respective grooves
132. Although FIG. 11 schematically depicts the gap 144 as
having a uniform and straight geometry, typically gap 144 has
an 1rregular geometry, with the width of the gap 144 varying,
as the coating 150 1s applied and builds up a thickness. Ini-
tially, as the first part of the coating 150 1s applied to the
substrate 110, the width of the gap 144 may be as much as
50% of the width of the top 136 of the micro-channel 130. The
gap 144 may then narrow down to 5% or less of the width of
the top 136, as the coating 150 1s built up. For particular
examples, the width of gap 144, at 1ts narrowest point, 1s 5%
to 20% of the width of the respective micro-channel top 136.
In addition, the gap 144 may be porous, in which case the
“porous” gap 144 may have some connections, that 15 some
spots or localities that have zero gap. Beneficially, the gaps
144 provide stress relief for the coating 150.

A component 100 1s described with reference to FIGS. 2
and 6-9. As indicated, for example, 1n FIG. 2, the component
100 comprises a substrate 110 with an outer surface 112 and
an iner surface 116. As indicated, for example, in FIG. 2, the
inner surface 116 of the substrate 110 defines at least one
hollow, interior space 114. As indicated, for example, in
FIGS. 2, 6 and 8, the outer surface 112 of the substrate 110
defines a number of grooves 132. As indicated, for example,
in FIGS. 6, 8 and 9, each of the grooves 132 extends at least
partially along the surface 112 of the substrate 110 and has a
base 134 and a top 136. As indicated, for example, in FIG. 6,
the base 134 of a respective groove 132 1s wider than the top
136 of the respective groove 132, such that each of the
grooves 132 comprises a re-entrant shaped groove 132.
Access holes 140 extend through the respective bases 134 of
the grooves 132 to provide fluid communication between the
grooves 132 and the hollow interior space(s) 114, as shown
for example 1n FIG. 6. As discussed above, the access holes
140 may be normal to the base 134 of the respective grooves
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132 (as shown in FIG. 6) or may be drilled at angles 1n a range
of 20-90 degrees relative to the base 134 of the groove 132.

As indicated 1n FIG. 6, for example, the component 100
turther includes at least one coating 150 disposed over at least
a portion of the surface 112 of the substrate 110, wherein the
grooves 132 and the coating 150 define a number of re-entrant
shaped channels 130 for cooling the component 100. For the
example configuration shown in FIGS. 8 and 9, the micro-
channels 130 channel the cooling tlow from the respective
access hole 140 to the exiting film hole 142. Example ranges
for microchannel lengths are provided above. As noted above,
the microchannels 130 can be used anywhere on the surfaces
ol the components (airfoil body, lead edges, trail edges, blade
tips, endwalls, platforms). In addition, although the micro-
channels are shown as having straight walls, the channels 130
can have any configuration, for example, they may be
straight, curved, or have multiple curves, etc. Example coat-
ings are also provided above. For the example arrangement
illustrated 1n FIGS. 2, 8 and 9, coating 150 extends longitu-
dinally along airfoil-shaped outer surface 112 of substrate
110. Coating 150 conforms to airfoil-shaped outer surface
112 and covers grooves 132 forming microchannels 130.
Coating 150 comprises a second material, which may be any
suitable material and 1s bonded to the airfoil-shaped outer
surface 120 of substrate 110. Example thickness ranges for
coating 150 are provided above. Non-limiting examples of
the coating 150 include metal coatings, bond coatings and
thermal barrier coatings.

As discussed above, it 1s desirable to have the base 134 of
the groove 132 be considerable larger than the top 136 of the
groove, 1n order to deposit the coating 150 over the groove
132 without having the coating fill the groove 132. Thus
turther permits the formation of a sufliciently large micro-
channel 130 to meet the cooling requirements for the compo-
nent 100. For particular configurations, the base 134 of a
respective one of the re-entrant shaped grooves 132 1s at least
2 times wider than the top 136 of the respective groove 132.
More particularly, the base 134 of the respective re-entrant
shaped groove 132 1s 1n a range of about 3-4 times wider than
the top 136 of the respective groove 132.

Similarly, for particular configurations, a wall 138 (see, for
example FIG. 7) of a respective one of the re-entrant shaped
grooves 132 1s oriented at an angle ¢ (see, for example, FIG.
3) 1n a range of about 10-89 degrees relative to the surface
normal 52. More particularly, the wall 138 of the respective
one of the re-entrant shaped grooves 132 is oriented at an
angle ¢ 1 a range of about 20-45 degrees relative to the
surface normal 52. As noted above, the groove walls 138 may
be straight, as shown for example in FIG. 7, or may be curved
(not shown). For curved walls 138, the angle ¢ should be
understood to be the average angle ¢ for the curved wall 138.
For certain configurations of the component 100, the coating
150 completely bridges the respective grooves 132, as shown
for example m FIG. 7, such that the coating 150 seals the
respective microchannels 130. For other configurations of
component 100, the coating 150 defines one or more porous
gaps 144, as indicated 1n FIG. 11, such that the coating 150
does not completely bridge each of the respective grooves
132. Beneficially, the porous gaps 144 provide stress relief for
the coating 150.

A method of coating a component 100 without the use of a
sacrificial filler 1s described with reference to FIGS. 2-9 and
11. As indicated, for example in FIGS. 3-6, the method
includes forming a number of grooves 132 1n a surface 112 of
a substrate 110. Although FIGS. 3-6 1llustrate the formation
ol re-entrant shaped grooves 132, for other configurations
(not expressly illustrated) the grooves are simple grooves
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(namely, with tops 136 and bases of approximately equal
width). As mdicated, for example 1n FIGS. 2 and 6, the sub-
strate 110 has at least one hollow interior space 114. As
indicated, for example, 1n FIG. 8 each of the grooves 132
extends at least partially along the surface 112 ofthe substrate
110. In order to apply the coating 150 without the use of a
sacrificial filler, the top 136 1s typically about 0.1 mm to 0.5
mm, and more particularly, about 0.2 mm to 0.35 mm, in
width.

As indicated 1n FIG. 10, for the case of an angled deposi-
tion, the method of coating a component 100 without the use
ol a sacrificial filler further includes disposing a coating 150
over at least a portion of the surface 112 of the substrate 110
directly over open ones of the grooves 132. As used here,
“open” means that the grooves 132 are empty, 1.e. they are not
filled with a sacrificial filler. As indicated 1n FIG. 6, for the
case of re-entrant grooves, the grooves 132 and the coating
150 define a number of channels 130 for cooling the compo-
nent 100. Although these simple grooves (namely, grooves
with tops 136 and bases of approximately equal width) are
less effective for cooling the component than the re-entrant
shaped grooves, the simple grooves still beneficially allow
coating without fillers and leaching.

As discussed above, the substrate 110 1s typically cast prior
to forming the grooves 132 1n the surface 112 of the substrate
110. As discussed above with reference to FIG. 6, the method
turther optionally includes forming a number of access holes
140. Each of the access holes 140 1s formed through the base
134 of a respective one of the grooves 132, to connect the
groove 132 1n fluid communication with respective ones of
the hollow 1nterior space(s) 114. More particularly, the coat-
ing 150 comprises at least one of a metal coating, a bond
coating, and a thermal barrier coating. Suitable coating depo-
sition techniques are discussed above and include performing
an 1on plasma deposition, a high velocity oxygen fuel spray
(HVOF) process, a high velocity air fuel spray (HVAF) pro-
cess, or a low pressure plasma spray (LPPS) process.

As discussed above with reference to FIG. 7, for certain
process configurations, the coating 150 completely bridges
the respective grooves 132, such that the coating 150 seals the
respective channels 130. As discussed above with reference to
FIG. 11, for other process configurations, the coating 150
defines one or more porous gaps 144 such that the coating 150
does not completely bridge each of the respective grooves
132. Beneficially, this porous configuration provides stress
relief for the coating.

The reentrant grooves 132 climinate the need to use a
sacrificial filler (not shown) and subsequent removal process.
Beneficially, elimination of these two processing steps has the
potential to reduce fabrication variability, flaw inclusions,
and human errors. Further, the re-entrant channels 130 also
enable the components 100 to be repaired without the need for
filling and leaching.

In addition, the above described re-entrant grooves 132 can
be used 1n combination with the angled coating deposition
techniques provided in commonly assigned, concurrently
filed, US patent application, Ronald S. Bunker et al., “Com-
ponent and methods of fabricating and coating a component,”
corresponding to GE docket number 247894-1, which 1s
incorporated by reference herein 1n its entirety. Briefly, Bun-
ker et al. provides a method of coating a component 100 that
includes depositing a coating 150 over at least a portion of the
surface 112 of the substrate 110. The coating 150 comprises
one or more layers 50, and at least one of the layers 50 1s
deposited at an angle o 1n a range of about 20-80 degrees, and
more particularly, about 50-70 degrees, relative to a surface
normal 52 for the substrate 110, as indicated for example in
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FIG. 10. Beneficially, by applying the coating at a significant
deposition angle, the coating can bridge over the groove 132
without filling or partial filling.

Although only certain features of the imnvention have been
illustrated and described herein, many modifications and
changes will occur to those skilled in the art. It 1s, therefore, to
be understood that the appended claims are intended to cover
all such modifications and changes as fall within the true spirit
of the mvention.

The mvention claimed 1s:

1. A method of fabricating a component, the method com-
prising: forming one or more grooves 1n a surface of a sub-
strate, wherein the substrate has at least one hollow interior
space, wherein each of the one or more grooves extends at
least partially along the surface of the substrate and has a base
and a top, wherein the base 1s wider than the top such that each
of the one or more grooves comprises a re-entrant shaped
groove; forming one or more access holes through the base of
a respective one of the one or more grooves, to connect the
groove 1n flud communication with respective ones of the at
least one hollow interior space; and disposing a coating over
at least a portion of the surface of the substrate, wherein the
one or more grooves and the coating define one or more
re-entrant shaped channels for cooling the component;
wherein the one or more re-entrant shaped grooves are
formed by directing an abrasive liquid jet at the surface of the
substrate; wherein the one or more re-entrant shaped grooves
are formed by directing the abrasive liquid jet at a lateral angle
relative to the surface of the substrate 1n a first pass of the
abrasive liquid jet and then making a subsequent pass at an
angle substantially opposite to that of the lateral angle.

2. The method of claim 1, further comprising casting the
substrate prior to forming the one or more grooves in the
surtace of the substrate.

3. The method of claim 1, wherein the step of forming the
one or more re-entrant shaped grooves further comprises
performing at least one additional pass where the abrasive
liquid jet 1s directed toward the base of the groove at one or
more angles between the lateral angle and the substantially
opposite angle, such that material 1s removed from the base of
the groove.

4. The method of claim 1, wherein the base of a respective
one of the one or more re-entrant shaped grooves 1s at least 2
times wider than the top of the respective groove.
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5. The method of claim 4, wherein the base of the respec-
tive re-entrant shaped groove 1s at least 3 times wider than the
top of the respective groove.

6. The method of claim S, wherein the base of the respec-
tive re-entrant shaped groove 1s 1n a range of about 3-4 times
wider than the top of the respective groove.

7. The method of claim 1, wherein a wall of arespective one
ol the one or more re-entrant shaped grooves 1s oriented at an
angle ¢ 1n a range of about 10-89 degrees relative to a surface
normal.

8. The method of claim 7, wherein the wall of the respective
one of the one or more re-entrant shaped grooves 1s oriented
at the angle ¢ 1n a range of about 20-45 degrees relative to the
surface normal.

9. The method of claim 1, wherein disposing a coating over
at least the portion of the surface of the substrate comprises
performing an 1on plasma deposition.

10. The method of claim 9, wherein the coating comprises
a superalloy.

11. The method of claim 1, wherein disposing a coating
over at least the portion of the surface of the substrate com-
prises performing a thermal spray process.

12. The method of claim 11, wherein the thermal spray
process comprises high velocity oxygen fuel spraying
(HVOF) or high velocity air fuel spraying (HVAF).

13. The method of claim 1, wherein disposing a coating
over at least the portion of the surface of the substrate com-

prises performing a low pressure plasma spray (LPPS) pro-
Cess.

14. The method of claim 1, wherein the one or more re-
entrant shaped grooves (132) are formed using one or more of
an abrasive liquid jet, plunge electrochemical machining
(ECM), electric discharge machining (EDM) with a spinning
clectrode (milling EDM) and laser machining.

15. The method of claim 1, wherein the coating completely
bridges the respective one or more grooves such that the
coating seals the respective one or more channels.

16. The method of claim 1, wherein the coating defines one
or more porous gaps such that the coating does not completely
bridge each of the respective one or more grooves.
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